The pupal colour dimorphism of Eurytides marcellus is nearly lost when the species is forced to pupate on a clear plastic substrate. Selection for extreme brown and green pupal colour under these circumstances was successful in a single generation in 3 out of 5 and 7 out of 10 lines respectively, but selection for an intermediate colour gave no response in 3 out of 3 lines. The results support a threshold model of pupal colour dimorphism in this species, with "sensitivity" to substrate characteristics being the underlying continuous variable. The consequently strong environmental component of variation in pupal colour in natural populations thus serves to maintain the genetic variation, since natural selection will be only weakly stabilizing.
INTRODUCTION
THE pupae of many species of swallowtail butterflies are dimorphic, being either green or brown. However, unlike many polymorphisms in the adult stages of the Lepidoptera, pupal colour is to a large degree environmentally controlled (Merrifield and Poulton, 1899; Sheppard, 1958) .
The significance of the environmental influence on pupal colour is thought to lie in the crypsis it provides the sedentary and exposed pupae (Sheppard, 1958; Wiklund, 1975) . Thus, prepupal larvae respond to various environmental cues while on their pupation sites by producing the appropriate pupal colour: green on or amid green foliage and brown on or amid brown foliage, twigs, etc. (Smith, 1978; Hazel and West, 1979) .
Two hypotheses have been proposed to explain the genetic basis of pupal colour dimorphism. Clarke and Sheppard (1972) suggested that individuals differ in their genetic tendencies to produce cryptic pupae. Alternatively, Hazel (1977) suggested that individuals differ in their genetic tendencies to produce either green or brown pupae. Thus, an individual with a high tendency to produce a brown pupa would have a low tendency to produce a green pupa. The hypotheses are conceptually similar in that both envision continuous genetic variation underlying the two pupal colours, but they differ in their views of the nature of the genetic differences among individuals. As a result, they give different predictions of the response of the trait to selection. If individuals differ in their genetic tendencies to produce cryptic pupae, then brown pupae on green surfaces should be genetically similar to green pupae on brown surfaces, and selection of either class of individuals should increase the frequency of such * Present address: Department of Zoology, DePauw University, Greencastle, IN 46135, U.S. A. 295 non-cryptic pupae. In nature, selection would be strongly directional, resulting in a uniformly high tendency of individuals to produce cryptic pupae. By contrast, if individuls differ simply in their tendencies to produce green or brown pupae, then brown pupae on green surfaces and green pupae on brown surfaces should be genetically different. In nature, selection would be weakly stabilizing, instead of directional. Individuals with a high tendency to produce brown pupae would sometimes pupate on brown substrates and individuals with a high tendency to produce green pupae would sometimes pupate on green foliage. That is, despite their extreme genotypes, they would often produce adaptive (cryptic) phenotypes. As a result, genetic variation underlying the pupal colours would be maintained. Both hypotheses have been tested experimentally. Clarke and Sheppard (1972) allowed two greenhouse populations of Papilio polytes to pupate on natural surfaces and then artificially selected cryptic pupae in one population and non-cryptic pupae in the other. After approximately five generations of selection they were still unable to detect a response. Hazel (1977) artificially selected in P. polyxenes for the tendencies of individuals to produce green or brown pupae on a given population substrate. Although the sample sizes were small, there was a response to selection in one generation in the brown line and in two generations in the green line.
In this paper we report the results of selection for pupal colour in the swallowtail Eurytides marcellus. These results provide additional evidence that the genetic basis of pupal colour dimorphism lies in differences among individuals in their tendencies to produce green and brown pupae, and that these differences are maintained in nature by weak stabilizing selection.
MATERIALS AND METHODS
Pairings were made to form a base population with adults that were one generation removed from the wild. Larvae of both the base and the selected populations were reared on a 15L: 9D photoperiod, at a constant temperature of 24°C, in round plastic boxes and were fed fresh pawpaw leaves (Asimina triloba) daily. Other details of rearing are given by Hazel (1977) .
Within 30 minutes of entering the prepupal stage, as indicated by gut evacuation, larvae of the base population were placed in clear plastic rearing boxes on a white surface, illuminated with constant fluorescent light supplemented by daylight from an adjacent window. Prepupal larvae of the selected generation were placed in clear plastic rearing boxes, either uncovered or covered on the outside with green construction paper and suspended above a white surface so that light entered from below. Larvae from all broods were placed in these two types of pupation environments. The pupae of E. marcellus are cryptic in nature, with green pupae being formed on the undersides of green leaves and brown pupae on the undersides of brown leaves. In our field studies we have yet to observe any non-cryptic or intermediately coloured pupae (West and Hazel, in prep.) . In the laboratory, distinct dimorphism continues to be the rule for pupations on nearly all pupation sites, whether artificial (coloured plastic and paper) or natural (logs and twigs). However, when pupation occurs on clear plastic the dimorphism is nearly lost and pupae vary almost continuously in colour from green to brown. To form criteria for artificial selection, we classified pupae into five phenotypic categories, based mainly on the degree of brownness (table 1) . To keep our observations consistent we used the same phenotypic classification for pupae formed in plastic rearing dishes covered with green construction paper, although these pupae were less variable in colour. Ten pairings between adults eclosing from green-i pupae comprised the green-i line. Three pairings between adults eclosing from green intermediate pupae formed the green intermediate line. The brown line consisted of five pairings between adults eclosing from brown pupae. No green-2 or brown intermediate pairings were made because all of these pupae entered diapause. Inbreeding was strictly avoided and selection was only practiced for one generation.
3. RESULTS Table 2 shows the results of each selected pairing, giving the midparent and F1 frequencies of the selected pupal colour phenotypes formed on clear plastic, and statistical comparisons of these frequencies. For example, the broods from which the parents of brood 18 were drawn produced a total of 17-7 per cent green-i pupae, while selection resulted in a significant increase in the frequency of green-i pupae in brood 18 to 34i per cent.
Comparisons of the frequencies of selected pupal colours in the midparent and F1 generation were tested by the G-statistic. Of the ten broods comprising the green-i line, seven showed a significant increase, two no change, and one a significant decrease in the frequency of green-i pupae in the F1 generation. Of five broods selected for brown, three showed a significant increase, one no change and one a significant decrease, in the frequency of brown. The midparent/offspring regression for pupation on clear plastic is O•54 but lacks significance (P>O.1O). A sign test of the numbers of significant increases and decreases gives P < OO2. None of the three broods selected for green-intermediate showed a significant change in that phenotype. Table 3 shows the frequencies of brown pupae produced on clear and green-backed plastic by each F1 brood. The correlation of per cent brown pupae per brood on the two substrates in the selected generation is significant (arc-sine transformation, r = O75, n = 18, P <0.01). 
Discussion
The results support a threshold model for pupal colour dimorphism in Eurytides marcellus, with individuals differing genetically in the levels of their thresholds for producing brown pupae. ("sensitivities", Hazel 1977) . According to the model, individual threshold level (sensitivity) is continuously variable, but different environments (pupation sites) set the critical level at different points along the distribution of sensitivities, giving different proportions of green and brown pupae. Families may also differ in their mean sensitivities (Hazel, 1977) . Fig. 1 If a trait controlled by one set of genes is measured in two environments, then in the absence of a genotype-environment interaction the two measurements will bç correlated (Falconer 1960, Chapter 19) . For pupal colour, this predicts a correlation between the frequencies of brown pupae produced by members of a brood on two kinds of pupation sites. The significant correlation of per cent pupae per brood on clear plastic and on plastic backed by green paper shows that although these two pupation environments set the critical threshold at different points in the distribution, the same set of genes underlies the expression of pupal colour in both environments.
The results of positive assortative mating of brown and of green-i phenotypes illustrate how selection can alter the mean of genetic We have considered pupal colour in E. marcellus to be the discontinuous expression of continuous genetic variation because in most pupation environments the pupal colour in this species is discontinuous. There is some variation within greens and browns, but intermediates are very rare (Hazel, 1980) . The clear plastic pupation sites used in the present experiments evidently failed to set a crisp critical threshold level. E. marcellus is unlike other swallowtails in our experience in that its pupal colour is not affected by variation in the texture of the pupation site, only by its colour (Hazel, 1980 There is an important difference between artificial and natural selection for pupal colour. Artificial selection in our experiments was for differences in genetic sensitivity as revealed by differences in pupal colour. In nature, selection is for pupal colour as it relates to the pupation site (degree of crypsis). With regard to the genetic basis of pupal colour this means that the larvae most likely to produce cryptic pupae are those of intermediate genetic sensitivity. Because those individuals are capable of the greatest phenotypic flexibility, they will produce cryptic pupae over the widest range of pupation sites. The larvae least likely to produce cryptic pupae will be those lying at the extremes of the distribution of genetic sensitivities. These individuals, being the least flexible phenotypically, will produce cryptic pupae over only a narrow range of pupation sites: insensitive larvae only on green pupation sites; sensitive larvae only on brown pupation sites. As a result, selection in nature will be stabilizing at the genotypic level while appearing to be directional (favouring crypsis) or even disruptive (favouring both green and brown pupae) at the phenotypic level. Clarke and Sheppard's (1972) selection for cryptic pupae was therefore stabilizing at the genotypic level, and its failure to change the incidence of crypsis is understandable.
Since Clarke and Sheppard's (1972) experiment, while failing to affect pupal colour, did alter the pupation site preference of larvae, it is worth asking what effect pupation site preference may have on the way that natural selection acts on the genetic basis of pupal colour. According to our model, in a population where green and brown pupation sites are equally available to, and used by, prepupal larvae, genotypes of intermediate sensitivity are most fit, as they will produce cryptic pupae on both green and brown pupation sites.
If brown sites become more common, or are preferred by prepupal larvae, natural selection will favour the more sensitive extreme genotypes over the less sensitive because they will produce cryptic pupae more often. Although genotypes of intermediate sensitivity are still the most likely to produce cryptic pupae, the difference in incidence of crypsis between extreme sensitive and insensitive genotypes will result in a change in the mean sensitivity of the population in the direction of increased sensitivity. This will be reflected in an increased tendency to produce brown pupae on all pupation sites. Thus, selection will be directional until the mean sensitivity of the population has reached the point where the extreme sensitive and insensitive genotypes are equally likely to produce cryptic pupae. When this new mean has been reached, selection will once again be stabilizing. Therefore, our model predicts that the mean sensitivity of a population, as reflected by its tendency to produce brown pupae over a range of pupation sites, will be correlated with its relative use of pupation sites in nature where brown is the cryptic pupal colour. This prediction is borne out in Battus philenor, a species of swallowtail which strongly prefers brown pupation sites Hazel, 1979, 1982) and which produces higher frequencies of brown pupae over a wide range of pupation sites than do other species of sympatric swallowtails . In California, Sims and Shapiro (unpublished results) find that B. philenor pupates more often on sites where green is the cryptic colour, and they show that the average sensitiviy of prepupae to pupation site characteristics is lower than in B. philenor from Virginia.
It is of interest to note that in a situation where selection favours the use of a variety of pupation sites, it will also serve to maintain, by stabilizing selection, the genetic variation underlying pupal colour dimorphism. While we have some idea of the kinds of selective forces influencing differences in pupation site preferences between species (West and Hazel, 1982) , we know little of how selection operates within a species to maintain variation in pupation site preference.
